Background: Mutations in the peripheral myelin protein 22 (PMP-22) gene are the most common cause of Charcot-Marie-Tooth neuropathy and may rarely occur in combination with other neurogenetic diseases.
H
EREDITARY MOTOR AND sensory neuropathy (HMSN) is a relatively common neuromuscular disorder with a prevalence of approximately 14 to 282 per million. 1 Charcot-Marie-Tooth (CMT) disease is the most common HMSN, accounting for approximately 90% of diagnosed cases. 1 There are several unique CMT phenotypes, each caused by a mutation in a different gene. 2, 3 Most often, CMT is caused by a mutation in the peripheral myelin protein 22 gene (PMP-22). 4 PMP-22 is an important component of myelin adhesion. 5 Duplication in the PMP-22 gene produces CMT disease type 1A (CMT1A), while PMP-22 deletions result in another subtype of HMSN, hereditary neuropathy with liability to pressure palsies (HNPP). 6, 7 Both CMT1A and HNPP are inherited in an autosomal dominant pattern.
Charcot-Marie-Tooth disease type 1A is a generalized, primarily demyelinating neuropathy in which anatomical changes occur in the myelin sheath that eventually lead to secondary axonal changes. 8 Demyelination slows impulse conduction between nodes of Ranvier because current leakage increases the time needed for impulses to reach threshold at successive nodes of Ranvier. Thus, a severe, generalized slowing of nerve conduction velocity (NCV) along the studied nerve segment is observed. 9, 10 Hereditary neuropathy with liability to pressure palsies is similar to CMT 1A in that a primarily demyelinating neuropathy results from a derangement in the PMP-22 gene. However, HNPP is characterized by a susceptibility to recurrent, pressureinduced, focal demyelination. Severe conduction slowing is thereby localized to common anatomical sites of compression. 11 Hong et al 11 showed that a generalized sensorimotor neuropathy, less severe than that seen in CMT1A, exists in HNPP as well.
An X-linked dominant subtype of CMT, CMTX, is caused by missense mutations in the GJB1/Connexin-32 gene. 4 Connexin-32 is a component of gap junction formation within myelin. 12 Abnormal gap junction formation results in a neuropathy with mixed demyelinating and/or axonal diagnostic features. 13 Myotonic muscular dystrophy (MMD) is produced by an autosomal dominant trinucleotide repeat mutation in the DMPK gene in chromosome 19.
14 Estimated incidence of MMD is about 1 case per 20 000 population. 14 The trinucleotide (CTG) repeat mutation may expand as it is passed on, thereby causing the disease to manifest earlier and more severely in subsequent generations. The expanded CTG sequences seem to produce a toxic messenger RNA and alter the alternative splicing of other genes including a chloride channel and insulin receptor. 15, 16 The resultant phenotype has progressive, primarily distal, muscle weakness with myotonia often associated with cardiac arrhythmias, cataracts, frontal baldness, diabetes mellitus, and cognitive impairment. 14 Electrodiagnostic (EDX) studies show electrical myotonia and signs of myopathy on needle testing. 17 Combined EDX and nerve biopsy studies report evidence of a primarily axonal, peripheral polyneuropathy in MMD as well. [18] [19] [20] Severity of the characteristic neuropathy does not appear to correlate with age or duration of the disease and does not show signs of progressing.
Adrenomyeloneuropathy (AMN) is a variant of Xlinked adrenoleukodystrophy, a disorder that affects at least 1 in 100 000 newborns. 21 X-linked adrenoleukodystrophy is a phenotypically diverse disorder that can be caused by a variety of mutations in the ABCD1 gene. This gene codes for a peroxisomal membrane protein that, when deficient, results in accumulation of saturated very longchain fatty acids in the central and peripheral nervous systems, adrenal tissue, and plasma. 21, 22 Both disorders cause progressive neurological decline, usually combined with dysfunction of the testes and adrenal glands. X-linked adrenoleukodystrophy generally manifests in childhood and is associated with an inflammatory cerebral myelinopathy. The AMN variant generally manifests in the third decade of life and primarily involves the spinal cord, causing progressive spastic paraparesis over decades. 23 Patients who lack clear signs of inflammatory involvement of the brain are classified as having pure AMN. 22 Although some debate exists, the current hypothesis regarding pathophysiology of AMN implicates a noninflammatory axonopathy involving both the long tracts of the spinal cord and peripheral nerves. 21, 22 A primarily axonal sensorimotor peripheral neuropathy has been demonstrated with EDX studies in patients with AMN. 24 We present 3 families with various combinations of mutations in the PMP-22, GJB1/Connexin-32, DMPK, and ABCD1 genes, leading to unusual and severe phenotypes.
CASE REPORTS

FAMILY 1
An 11-year-old boy (proband 1) was the product of a normal pregnancy and delivery. He was never able to crawl, did not walk until age 2 years, and used a walker for ambulation. Electrodiagnostic studies done at age 4 years revealed low-amplitude motor responses (range, 1.0-2.4 mV) in his upper and lower extremities with motor NCV ranging from 11.2 to 17.5 m/s. A videotape made during a clinical evaluation at age 8 years showed a slow, unsteady, waddling gait with significant lumbar lordosis and a tendency to fall. His spinal misalignment progressed to a marked thoracolumbar kyphoscoliosis necessitating use of a power wheelchair. Examination at age 11 years showed marked bilateral symmetric muscle weakness and atrophy that was more prominent distally. Bilateral wrist drop, bilateral foot drop, completely absent deep tendon reflexes, and impaired distal sensation were also described. Respiratory compromise developed as documented by abnormal pulmonary function test results. He developed aspiration pneumonia and died during sleep at age 11 years.
The 15-year-old brother of proband 1 reached normal developmental milestones but required heel-cord lengthening surgery at age 18 months for plantar flexion contractures. At age 8 years, when the diagnosis of hereditary neuropathy was made in his younger brother, he had EDX testing, which demonstrated slowing of motor NCV, ranging from 12.2 to 13.6 m/s in the median and tibial nerves. Compound motor action potential responses were decreased (range, 0.5-5.4 mV) in the upper and lower extremities. Sensory responses were unobtainable. In an attempt to correct wrist drop, at age 11 years he had a tendon transfer in his right hand. Examination at age 15 years showed marked distal muscle atrophy and weakness of the upper and lower limbs, with absent tendon reflexes, bilateral pes cavus foot deformity, decreased light touch sensation in his feet, and enlarged ulnar and posterior auricular nerves.
Their 41-year-old father had atrophy of the intrinsic muscles of his hands, bilateral foot drop, depressed tendon reflexes, normal sensation, and enlarged ulnar nerves. The 39-year-old mother had no neurological symptoms. Her examination results were normal except for absent ankle reflexes.
Genetic analysis was performed by Athena Diagnostics, Worcester, Mass. Family DNA testing confirmed duplication of the PMP-22 gene (CMT1A) in both probands, inherited from their father. Additionally, both had a missense mutation (arg200gly) in the GJB1/ Connexin-32 gene (CMTX), inherited from their mother.
FAMILY 2
A 32-year-old woman was noted to have clumsiness, trouble keeping up with her peer group, foot drop, and a pigeon-toe gait starting at approximately 4 years of age. Her weakness was slowly progressive, ultimately involving both proximal and distal muscles. At the age of 9 years, formal EDX testing showed motor NCV as low as 9 m/s in the lower extremities. A presumptive diagnosis of CMT was made. At age 12 years, examination noted long, thin facial features, and the possibility of MMD was entertained because her father reportedly had a diagnosis of probable MMD. Electrodiagnostic testing again confirmed very slow NCV in bilateral upper extremities ranging from 9 to 18 m/s. However, motor unit analysis showed mixed neuropathic and myopathic features with highfrequency discharges felt to be highly suggestive of myotonia. She remained independent in mobility despite (REPRINTED) gradually increasing weakness and sensory loss. The patient ambulated without assistive device until approximately age 26 years, at which point she began using a single point cane and ultimately a walker. At age 28 years, she obtained a manual wheelchair and was subsequently fitted for a power wheelchair because of increasing upper extremity weakness. Repeated EDX testing at age 32 years revealed markedly slow motor NCV (21 m/s in ulnar nerve), low motor amplitudes (0.1 mV in peroneal nerve, 1.0 mV in ulnar nerve), and unobtainable sensory responses (Figure 1) . Electromyography revealed diffuse myotonic discharges, with both large-amplitude, long-duration (neuropathic) and small-amplitude, short-duration (myopathic) polyphasic motor units and early recruitment. Despite obvious motor unit morphological abnormalities, the interference pattern analysis fell within normal range. This was owing to the presence of both neuropathic and myopathic motor units (Figure 2 ) (analyzed with a Viking IVp interference pattern analysis program; Nicolet Biomedical, Madison, Wis). 25 Recent physical examination showed a narrow face with ptosis, temporal muscle wasting, grip and percussion myotonia of her hands, distal greater than proximal weakness, atrophy of all limbs, and absent deep tendon reflexes. She had impaired appreciation of light touch, pinprick, vibration, and position in both feet. At age 32 years, she sustained a fall at home, was unable to get up from the floor, and had respiratory arrest. After resuscitation, she developed pneumonia, became septic, and died.
Genetic analysis was performed by Athena Diagnostics. The patient possessed duplication of the PMP-22 gene, consistent with CMT1A. Her mother also has a documented PMP-22 duplication and a milder CMT phenotype with motor NCV in the 19-to 24-m/s range. Additionally, the proband had a 1000-fold CTG trinucleotide repeat in the DMPK gene on chromosome 19q13.3 (genetic analysis by University of Washington Genetics Laboratory, Seattle), producing type 1 MMD. This was presumably inherited from her father, although he is estranged and formal testing has not been documented.
FAMILY 3
A 39-year-old man had pes cavus foot deformity since childhood and was rejected from the military at age 18 years because of it. At age 35 years, he was documented to have impaired distal sensation. Evaluation ensued, including EDX studies, which revealed variable slowing of NCV in the upper and lower extremities, notable for significant focal slowing of the ulnar nerve across the elbow (31 m/s) compared with the segment below the elbow (50 m/s). The amplitudes of the motor and sensory responses were within normal limits. For this reason, molecular testing was obtained for the CMT phenotype, and he was found to have a PMP-22 deletion indicative of the HNPP syndrome. However, on examination, he also had signs of spasticity with hyperactive tendon reflexes and bilateral Babinski responses. Results of magnetic resonance imaging of the brain and spinal cord were entirely normal. As part of his evaluation for spasticity, elevated plasma very long-chain fatty acids were discovered.
Cortisol stimulation testing results were normal. Examination at age 39 years showed that he was ambulatory without assistance but had a slow, unsteady, scissoring gait. His mental status was normal and his cranial nerves were unremarkable. Muscle bulk and strength were normal in the upper limbs, but he had bilateral muscle atrophy and weakness below the knees with pes cavus deformity. Tendon reflexes were hyperactive at the knees with bilateral sustained ankle clonus and bilateral Babinski responses. There was decreased sensation to light touch, vibration, and position in both feet.
Neither parent was available for evaluation. His father was said to have had hammertoes. His mother was reported to have no neurological problems and no known family history of neurological disability.
Genetic analysis was performed by Athena Diagnostics. DNA analysis revealed a PMP-22 gene deletion consistent with HNPP. DNA sequencing revealed a G-to-A substitution at nucleotide 1552 in the ABCD1 gene, causing an amino acid substitution at codon 389 (R389H) (genetic analysis by Kennedy Krieger Institute, Baltimore, Md). This mutation, associated with X-linked AMN, has been previously reported. 26 
COMMENT
Mutations in the PMP-22 gene causing HMSN are among the most common inherited neuromuscular disorders. 1 For this reason, it can be expected that PMP-22 mutations will occasionally, albeit rarely, occur simultaneously with a second neuromuscular genetic mutation. We report this rare occurrence in 3 families. These rare genetic coincidences allow observation of whether such concomitant mutations are augmentative physiologically and produce a novel phenotype.
In the first family, a father with CMT1A and a mother with CMTX had 2 sons who each inherited both mutations. These sons were affected by a severe hereditary peripheral neuropathy phenotype associated with NCVs less than 20 m/s. This unusual occurrence provided insight into the effects of combined mutations in these 2 myelinrelated genes. PMP-22 gene duplications (CMT1A) result in abnormal myelin adhesion with a typical demyelinating CMT phenotype and severe slowing of NCV, while missense mutations in the GJB1/Connexin-32 gene (CMTX) cause abnormal gap junction function resulting in a CMT phenotype usually with less severe slowing of NCV. 4, 5, 11, 12 The brothers in family 1 demonstrate that the simultaneous occurrence of genetic abnormalities both affecting a different aspect of myelin function are, in fact, augmentative. This combination results in a severe CMT phenotype with very slow NCV. The younger brother in this family could be characterized as having the Dejerine-Sottas syndrome, a severe demyelinating neuropathy characterized by early childhood-onset, delayed motor milestones; sensory ataxia; and extremely reduced NCVs. Dejerine-Sottas syndrome is heterogeneous and most often associated with a point mutation, not duplication, in the PMP-22 gene. 27 This patient's neuropathy was so severe that he required a wheelchair by age 8 years and had kyphoscoliosis caus- ( ing respiratory compromise and death at an early age. His phenotype was much more severe than would be expected with either mutation occurring alone. 3 The older brother, despite having the same genotype, had clearly less severe clinical manifestations than his younger brother. This suggests that even in this neuropathy caused by dual genetic mutations, there are likely other genetic and/or environmental factors influencing the ultimate phe- Figure 1 . Right ulnar nerve motor nerve conduction study from proband in family 2 (A) and insertional-needle electromyograph of right biceps brachii from proband in family 2 (B). A, Right ulnar nerve demonstrates significantly slowed conduction velocity and decreased amplitude. Additionally, averaging of multiple right peroneal (fibular) nerve stimulations at the fibular head produced a small amplitude (0.1-mV) compound motor action potential with onset latency of 10.1 milliseconds recorded at the extensor digitorum brevis. Sensory nerve action potential responses were unobtainable in the upper and lower extremities. ADM m indicates abductor digiti minimi (manus). B, Electromyograph demonstrating electrical myotonia. This was also present in the extensor carpi radialis and first dorsal interosseous. Further needle study showed both large-amplitude, long-duration and small-amplitude, short-duration polyphasic motor units on minimal voluntary activation in these same muscles. Early recruitment was also observed. In the second family, there was an individual with a combination of CMT1A and MMD documented by genetic testing. Although evidence of a peripheral axonopathy has been reported in MMD based on EDX and nerve biopsy data, this patient clinically had a more severe neuropathy than is characteristically seen in MMD alone. 14 On examination, she demonstrated signs of both significantly reduced peripheral sensation and myotonia with severe proximal and distal muscle weakness. Her EDX studies revealed both chronic neuropathic and myopathic motor units. Interestingly, this mixed picture of motor unit morphology resulted in normal interference cloud pattern analysis in all muscles tested, yielding a falsenegative result. Her overall physical disability was more severe than usually seen with either CMT or MMD alone, and her death of respiratory failure at age 32 years emphasizes this fact. Hence, it appears that these 2 mutations have an augmentative effect primarily resulting from diffuse muscle weakness and atrophy.
The third family consisted of a single proband with signs of both neuropathy and spasticity associated with a PMP-22 gene deletion causing HNPP and a mutation in the ABCD1 gene associated with X-linked AMN. Hereditary neuropathy with liability to pressure palsies is characterized by recurrent pressure-induced neuropathies, while AMN is a peroxisomal disorder associated with myelopathy. 11, 23, 24 An underlying sensorimotor neuropathy has been described in both disorders, with demyelinating features in HNPP and axonal features in AMN. 11, 24 Electrodiagnostic data in this case points toward a primarily demyelinating neuropathy with variable, focal slowing of motor NCVs but relative preservation of motor and sensory amplitudes as would be seen in HNPP. In addition, this patient has bilateral pes cavus foot deformities that are not typical of AMN and are likely related to HNPP. Despite having distal sensory loss and pes cavus deformities, this patient's primary disability was related to his spastic gait, which is typical of AMN. 23 Overall, in this individual, both genetic mutations appear to have contributed to the phenotype; AMN caused spasticity, while HNPP led to a clinically worse peripheral neuropathy with more demyelinating features than would be expected in AMN alone.
Each of these families had probands with mutations in the PMP-22 gene simultaneously occurring with a mutation in another neuromuscular gene. Rather than a simple expression of the expected deficits from the individual mutations, these patients had unique phenotypic manifestations, illustrating an augmentative "double trouble" effect. The most severe effect, phenotypically, was associated with double mutations in genes that both control myelin function (PMP-22, GJB1/Connexin-32). A similar early onset of neuropathy in subjects with 2 myelin gene mutations (PMP-22 duplication, LITAF/SIMPLE, EGR 2, and GJB1) has been reported. 28, 29 The combination of a mutation causing peripheral neuropathy (PMP-22) and a myopathy (DMPK) resulted in an unusual "neuromyopathic manifestation" that yielded a faux-normal interference cloud pattern analysis on EDX testing. Although controversial, there is also evidence of DM1 being associated with an axonal neuropathy, and this is likely to have added to the severe phenotype of the woman in family 2. [18] [19] [20] The last case demonstrated the augmentative effect of HNPP and AMNassociated spasticity on the patient's functional status.
It seems intuitive that having 2 genetic disorders affecting the nervous system would produce a worse phe- notype, but that is not always the case. For example, in our clinic population, we have seen 1 person who had both trisomy 21 and MMD whose cognitive and behavioral phenotype was no worse than either disorder separately, and a similar result occurred in a person having both tuberous sclerosis and Friedreich ataxia. 30, 31 However, having 2 diseases directly affecting the same part of the nervous system, such as the peripheral nerves, is more likely to have a cumulative negative effect.
In addition to allowing observation of synergistic genetic interactions, these cases also illustrate some important clinical points. When EDX testing is used to assist in the diagnosis of rare neuromuscular disorders, careful attention must be paid to the characteristics of peripheral neuropathies (axonal vs demyelinating). If the character of the identified neuropathy is not what is expected based on genetic testing, additional genetic screening for a second mutation should be considered. Additionally, in the presence of a mixed neuropathy and myopathy, some of the motor unit abnormalities may be masked or appear falsely normal on cloud analysis. Overall, these cases stress the importance of considering additional DNA testing in patients with known mutations who have unusual (especially severe) phenotypes or additional, unexplained neuromuscular problems.
atic CJD are not yet available, their development should be another major effort in the improvement of pharmacotherapy for CJD. 
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